Shape welding ofa ferritic steel layer on an austenitic steel tube is used to build compressive stresses on its outer surface, and as a result, suppress stress corrosion. Investigations of residual stresses in such bi-layer tubes are important for developing optimal welding techniques. The neutron and X-ray diffraction methods were used to analyze the stress behavior around the welded region on the tube. To this end, strain components in the radial, axial and tangential directions were measured across the weld. The results are compared to the data obtained by the destructive turning out technique and theoretical predictions by the finite element method.
INTRODUCTION
Shape welding is an interesting alternative method, but the existence of uncontrollable residual stress distributions in welded materials prevents its many applications. On the other hand, shape welded ferritic layers on austenitic tubes can help to suppress stress corrosion because these layers produce the compressive stress states on the austenitic tube. The analysis of residual stresses through the ferritic weld into the austenitic material can be helpful for the optimization of the corresponding welding technique. In this article, the stress state in shape welded tubes is analyzed by the nondestructive neutron and X-ray diffraction methods and is compared to the data obtained by the destructive turning out technique and theoretical predictions of calculations by the finite element method.
THE SAMPLE
Seven layers of ferritic steel 3NiMo 1UP with 135 welding traces and a total length of 1100 mm were welded on a 15 mm thick tube from the austenitic steel X6CrNiTi 1810with an outer radius of 148 mm. The outer radius ofthe manufactured bi-layer tube was 168 mm. For measurements a test specimen was prepared. First, a segment (200 mm long, 70 of arc circumference) was cut from the manufactured tube. With the extensiometers in the middle of the segment oriented in the axial and circumferential (tangential) directions, the effect of stress release was measured at the inner and outer edges ofthe segment (see Table I ). This sample was further simplified bycutting a smaller segment measuring 10 and 12.5 mm along the inner and outer tube walls, respectively, by 30 Strain scanning to the depth 2 mm from the sample surface with the area 35 x 30 mm the was conducted with the help of a 4-axes translator. Both radial (x-axis) and tangential (y-axis) strain components along the radial direction were measured simultaneously using two detectors at the scattering angles 4-90. To form the direct beam, a boron nitride (BN) diaphragm with a slit 2 mm wide by 20 mm high (z-axis) was installed at the exit of a mirror neutron-guide. To set the scattered beams at 4-90 BN-diaphragms with the 2 mm slit width were installed at the distance 42 mm from the center ofthe diffractometer. The gauge volumes formed by these diaphragms were 2.1 x 4.5 x 19.4 and 2.1 x 2.6 x 19.4 mm 3 for DPR-1 and the DPR-2P detectors, respectively.
In Figs. and 2, DPR-1 diffraction spectra from the inner and outer sides of the tube are shown. The characteristic minimums at the peak bases are determined of the particularity of the spectra's registration on Fourier diffractometer. In both cases, four reflexes were observed in the 7-as well as in the a-phases. Processing of these spectra by the Rietveld method revealed noticeable texturation ofthe sample in the --phase. The Table II ).
We have estimated the strain in the ferritic part of the investigated shape welded tube (a-phase) and for the austenitic region of the specimen (-),-phase) for different orientations of the scattering vector Q available from the neutron diffraction experiment on HRFD. To clarify the role of grain interaction stresses (residual stress of II kind see Pintschovius, 1992) Fig. 1 ). In the position x =-5.5 mm, the difference between two strain components is shown.
Because of the difficulties in measuring microstresses, the choice of reflexes for the evaluation ofmacrostresses in each phase is a subject for discussion. In the following, pairs ofreflexes for the c-and-),-phases with equal orientation factors F will be picked up (see Table II ). Thus, the appearance ofuncontrollable fluctuations due to plastic anisotropy will be prevented. Good results for all scanned positions were obtained only for (200)-reflexes (F 0). Therefore, these reflexes will be used in the further discussion. In Fig. 4 , the results for (200) reflexes are summarized.
In the general case, the obtained data are insufficient for the calculation of residual stresses. However, if we assume that the x-, y-, and z-axis are the principal axes for the stress tensor of the investigated sample, the components of the tensor can be calculated by the formula (in the elastic model approximation): (2) Using this formula we are calculated the stress difference in the tangential and radial directions obtained from the neutron data in dependence on the gauge volume location. Comparing this result with that by the destructive turning out technique applied to an uncut tube, the stress release during cutting has to be accounted for (see Table I ). Assuming that the released stress varied linearly over the interval from the outer to the inner edge and that the radial component did not change essentially during cutting, the residual stress in the uncut tube can be predicted from the neutron diffraction data. The corrected neutron results are shown on Fig. 5 . Also, on Fig. 5 the theoretical estimate of the stress state by the finite element method is presented.
For the ferritic part of the tube, good agreement of the neutron result with the theoretical and turning out results can be found. For the austenitic side, disagreement is certainly related to the uncontrollable influence of microstress of II kind on the results of neutron measurements. X-RAY MEASUREMENTS X-ray diffraction measurements were made with the Seifert diffractometer XRD 3000 PTS-MR using Cr-Kal radiation and a positive sensitive detector. The sample surface near which neutron measurements were done was smoothed and electropolished. 70"33 (0"11 + 0"22)-
The difference e-e_L will not practically change if we assume that 0+/-(20 20a_) . (5) We have then:
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In the opposite case the so-called b-splitting of the dependence d vs.
sinEb measured for the positive and negative values ofb will be observed.
For the ferritic part, quite satisfactory linear plots 20(211) VS. sinEp for the (211) reflex were obtained. In Fig. 6 , the experimental values 20(211 (qo=0) measured in the points x 1.5 and 13.5 mm for the @-tilt 0, +22 , +33 , 4-42 , 4-50 , and 4-60 are exemplified. To recover all components of the strain tensor, the measurements were conducted for the qo-tilt 0, 45 , 90. In Fig. 7 , the difference of the radial and axial components 0"11 0"22 0"r 0"a is shown as a function of the location of the X-ray spot on the sample surface. Good agreement between X-ray data and the results of the turning out method was observed. A more complicate situation is observed for the austenitic part. In Fig. 8 The determination of stress is not feasible because of strong nonlinearities and the presence of b-splitting on this plot. Some special method of data processing is needed to evaluate stresses in this case.
CONCLUSION
Putting into operation in 1992 of the HRFD has allowed the beginning of realization of the residual stress investigation program in bulk samples for industrial applications (Aksenov et al., 1995 
